Mitophagy is an essential process for mitochondrial quality control and turnover. It is activated by two distinct pathways, one dependent on ubiquitin and the other dependent on receptors including FUNDC1. It is not clear whether these pathways coordinate to mediate mitophagy in response to stresses, or how mitophagy receptors sense stress signals to activate mitophagy. We find that the mitochondrial E3 ligase MARCH5, but not Parkin, plays a role in regulating hypoxia-induced mitophagy by ubiquitylating and degrading FUNDC1. MARCH5 directly interacts with FUNDC1 to mediate its ubiquitylation at lysine 119 for subsequent degradation. Degradation of FUNDC1 by MARCH5 expression desensitizes mitochondria to hypoxia-induced mitophagy, whereas knockdown of endogenous MARCH5 significantly inhibits FUNDC1 degradation and enhances mitochondrial sensitivity toward mitophagyinducing stresses. Our findings reveal a feedback regulatory mechanism to control the protein levels of a mitochondrial receptor to fine-tune mitochondrial quality.
Introduction
Mitochondria govern numerous cell activities, including oxidative phosphorylation [1] [2] [3] , energy production [4, 5] , apoptosis [6] [7] [8] , inflammation responses [9] [10] [11] , and aging [12, 13] . They are also the primary source of reactive oxygen species (ROS), which contribute to oxidative stress and mitochondrial dysfunction [14, 15] . To protect against mitochondrial damage, cells have evolved well-coordinated quality control mechanisms that maintain overall mitochondrial health. This is achieved through continuous cycles of mitochondrial fission/fusion, and mitochondrial turnover, including balanced mitochondrial biogenesis and mitochondrial autophagy (mitophagy). A number of molecules have been identified that mediate the mitochondrial fission/fusion cycle [16] [17] [18] , mitochondrial biogenesis [19] [20] [21] , and mitophagy [22] [23] [24] . A finely tuned regulatory network orchestrates these processes in response to both cellular and environmental cues. Stringent control of the levels of regulatory proteins (by transcriptional or translational regulation) and of post-translational modifications or cleavage events will determine mitochondrial behaviors and functions [25] [26] [27] [28] [29] . Dysregulation of these processes impairs mitochondrial quality, which is related to the pathogenesis of many aging-related diseases such as diabetes [30, 31] , neurodegenerative disorders [32, 33] , and cancer [34, 35] .
Mitophagy is a cellular process that selectively removes damaged or superfluous mitochondria. It may comprise an initial "decisionmaking" phase and subsequent engagement of the autophagy machinery to engulf and eliminate mitochondria. It is proposed that the damaged or malfunctioning mitochondria may send out signals to activate the cellular "policing" system, leading to subsequent autophagic removal [14, 36, 37] . In response to acute stress, the PINK1-Parkin pathway mediates mitophagy to eliminate those mitochondria which have lost membrane potential. Parkin is an E3 ligase, and mutations in the gene encoding Parkin usually cause Parkinson's disease associated with mitochondrial function deficiency [38, 39] . The loss of mitochondrial membrane potential results in the accumulation of PINK1 at the surface of mitochondria. Activated PINK1 phosphorylates Parkin and ubiquitin to recruit Parkin, which ubiquitylates many mitochondrial outer membrane proteins including Tom20, Mfn1, and Mfn2 [40, 41] . PINK1 is also able to recruit autophagy receptors such as OPTN and NDP52 to mediate the engulfment of mitochondria. Recent evidence shows that several mitophagy receptors are involved in mediating mitophagy. ATG32, the first reported mitophagy receptor in yeast, mediates aggregation of ATG8 (LC3 in homolog), which results in the recruitment of vesicles that engulf damaged mitochondria [42] [43] [44] . In mammals, Nix/BNIP3L-mediated mitophagy plays a crucial role in erythroid cell maturation [45, 46] . We recently discovered a new mitochondrial receptor, FUNDC1, which mediates hypoxia-induced mitophagy [47] . In normal situations, FUNDC1 is phosphorylated by Src kinase and CK2. In response to hypoxia, dephosphorylation of FUNDC1 by PGAM5 enhances its interaction with LC3, which induces the formation of isolation membranes (precursors of autophagic vesicles) to engulf damaged mitochondria [28] . It is less understood how mitophagy receptors sense stress signals to activate mitophagy and how mitophagy is orchestrated with other mitochondrial events.
MARCH5 (also named as MITOL) is a mitochondrially localized RING-finger E3 ligase that is involved in mitochondrial dynamics by ubiquitylating Fis1 [48] , Mfn1 [49] , and Mfn2 [50] . Recently, MARCH5 was found to play a role in ubiquitin-mediated degradation of MiD49 and recruitment of Drp1 [51] . Furthermore, MARCH5 is also involved in apoptosis regulation [49, 51] and the maintenance of the stemness of mouse ES cells [52] . In this study, we reveal that the mitophagy receptor FUNDC1 is a new substrate of MARCH5, and we suggest that under hypoxic conditions, the MARCH5/ FUNDC1 axis is involved in sensing the stress signal and fine-tuning the mitophagy response.
Results

Hypoxia induces FUNDC1 degradation independent of Parkin
We have previously shown that genetic manipulation of FUNDC1 expression strongly affects mitophagy in response to mitochondrial stresses, suggesting that the protein level of this mitophagy receptor is closely associated with mitophagy activities. In order to gain insights into how mitophagy is regulated in response to mitochondrial stresses, we sought to address the molecular regulation of FUNDC1 protein homeostasis. In response to hypoxia, FUNDC1 was degraded and this degradation could be largely inhibited by MG132, a specific proteasome inhibitor (Fig 1A) . We noticed that the FUNDC1 protein level was reduced as early as 3 h, which preceded the degradation of other mitochondrial proteins such as Tim23 and Tom20 (Fig 1A and B) . Chloroquine, an autophagic flux inhibitor, also prevented FUNDC1 degradation, and MG132 and chloroquine together completely prevented FUNDC1 degradation under hypoxic conditions (Fig 1C) . Similarly, MG132 and chloroquine were able to prevent FUNDC1 degradation induced by cycloheximide (CHX) treatment (Appendix Fig S1) . These data suggest that FUNDC1 protein levels are regulated in both a proteasomal-and autophagydependent manner under hypoxic stress. Importantly, FUNDC1 was degraded before it was dephosphorylated (Fig 1D and E) . Dephosphorylation of FUNDC1 is considered as a biomarker of mitophagy induction [28, 47] ; thus, FUNDC1 was degraded before hypoxiainduced mitophagy occurred.
We first investigated whether FUNDC1 is ubiquitylated for degradation during hypoxia-induced mitophagy. Indeed, FUNDC1 exhibited ubiquitylation (Fig 1F) , which was significantly enhanced in a time-dependent manner in cells exposed to hypoxia (Fig 1G) . It is well characterized that Parkin, an E3 ligase, plays crucial roles in mitophagy; therefore, we asked whether Parkin mediates FUNDC1 ubiquitylation and degradation. Unlike FCCP treatment, hypoxia did not induce translocation of GFP-Parkin to mitochondria (Fig 1H) . Overexpression of Parkin failed to enhance FUNDC1 ubiquitylation (Fig 1I) or degradation ( Fig 1J) in HeLa cells. As a control, FCCP induced mitochondrial translocation of Parkin and degradation of Tom20 (Fig 1J) . These observations revealed that FUNDC1 can undergo ubiquitin-mediated degradation in a Parkin-independent manner upon hypoxic treatment.
Mitochondrial E3 ligase MARCH5 is responsible for FUNDC1 ubiquitylation under hypoxic conditions
We next wished to identify the E3 ligase that mediates ubiquitylation and degradation of FUNDC1. We screened several E3 ligases that were previously reported to affect mitochondrial behaviors or show mitochondrial localization, and found that MARCH5, an E3 ligase located on the mitochondrial outer membrane, induced drastic FUNDC1 degradation (Fig EV1A) . It has been reported that MARCH5 regulates mitochondrial dynamics by ubiquitylating Mfn1, Mfn2, Fis1, and MiD49 [48] [49] [50] . Ectopic expression of MARCH5, but not Parkin, dramatically increased the level of ubiquitylation of ▸ Figure 1 . Hypoxic stress induces Parkin-independent degradation of FUNDC1 via ubiquitylation.
A HeLa cells were exposed to 1% O 2 for the indicated time, with or without MG132 (10 lM), and then FUNDC1, Tim23, and Tom20 proteins were detected by Western blotting. B Quantification of mitochondrial membrane proteins as indicated in (A) (mean AE SEM from three independent experiments, Student's t-test, **P < 0.01, ***P < 0.001; asterisks indicate a significant difference between 0 h and indicated hypoxic condition to the respective color-coded proteins). C HeLa cells were exposed to 1% O 2 for 12 h, with MG132 (10 lM) or chloroquine (10 lM), and then FUNDC1 protein levels were detected by Western blotting. D HeLa cells were exposed to 1% O 2 for the indicated time, and then the levels of FUNDC1 and Tyr18-phosphorylated FUNDC1 were analyzed using antibodies against FUNDC1 and p-Tyr18 FUNDC1, respectively. E Quantification of FUNDC1 and p-Tyr18 FUNDC1 as indicated in (D) (mean AE SEM from three independent experiments, Student's t-test, *P < 0.05, **P < 0.01). F HeLa cells were transfected with HA-Ub for 24 h and then treated with or without MG132 (5 lM) for 6 h. Ubiquitylation assays were performed as described in Materials and Methods. The ubiquitylation level of FUNDC1 was detected using an anti-HA antibody. G HeLa cells were transfected with HA-Ub for 24 h, then exposed to 1% O 2 for the indicated time. Ubiquitylation assays were performed as described in Materials and
Methods. The ubiquitylation level of FUNDC1 was detected using an anti-HA antibody. H HeLa cells stably expressing GFP-Parkin were exposed to 1% O 2 or treated with 10 lM FCCP for the indicated time. Cells were then fixed and immunostained with an antibody against the mitochondrial protein cytochrome c (Cyto C, red), and examined by immunofluorescence microscopy to detect mitochondrial translocation of GFP-Parkin. Scale bar, 5 lm. I HeLa cells were transfected with Parkin-myc or the empty myc-vector together with HA-Ub for 24 h, and then treated with 10 lM FCCP. Ubiquitylation assays were performed as described in Materials and Methods, and the ubiquitylation level of FUNDC1 was detected by Western blotting using an anti-HA antibody. J HeLa cells were transfected with Parkin-myc or the empty myc-vector for 24 h, and then FCCP (10 lM) and MG132 (10 lM) were added 4 h before harvesting. Levels of FUNDC1 and Parkin-myc were detected by Western blotting using anti-FUNDC1 and anti-myc antibodies, respectively.
Source data are available online for this figure. Fig 2B) . In vitro ubiquitylation assays further revealed that FUNDC1 was ubiquitylated by MARCH5, but not by two E3 ligasedead mutants, CS or H43W (Fig 2C) .
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To further demonstrate that the ubiquitylation mediated by MARCH5 promotes degradation of FUNDC1, we performed CHX chase assays. In the presence of MG132, the degradation of FUNDC1 was greatly reduced (Fig 2D and E) . Ectopic expression of wild-type MARCH5, but not the CS mutant, promoted FUNDC1 degradation when HeLa cells were treated with CHX ( Fig 2F and G) . The degradation of FUNDC1 was significantly suppressed when MARCH5 was knocked down, and re-introduction of shRNA-resistant MARCH5 increased FUNDC1 degradation (Fig 2H and I ). Similar patterns were observed for MiD49, a previously reported MARCH5 substrate ( Fig 2D, F 
and H).
MARCH5 interacts with FUNDC1
To further confirm that FUNDC1 is a novel substrate of MARCH5, we carried out co-immunoprecipitation analysis and found that FUNDC1 interacted with MARCH5 ( Fig 3A and B) . Moreover, purified glutathione S-transferase (GST)-fused MARCH5 was able to pull down FUNDC1 from HeLa cell lysates (Fig 3C) , suggesting a possible direct interaction between MARCH5 and its substrate FUNDC1. We further determined the interacting domains using truncation and/or deletion analysis. Immunoprecipitation analyses revealed that MARCH5 interacted with FUNDC1 through amino acids 140-228, which comprise the second cytosolic domain of MARCH5 (Fig 3D) . Similarly, FUNDC1 interacted with MARCH5 through amino acids 94-110, a motif that is also exposed to the cytosol (Fig 3E) .
MARCH5 mediates FUNDC1 ubiquitylation at lysine 119
We next sought to identify the site of MARCH5-mediated ubiquitylation within FUNDC1. To do this, we individually mutated the 11 lysine (K) residues of FUNDC1 to arginine (R) (Fig 4A) . Wild-type FUNDC1 and the individual K-to-R mutants were co-expressed with HA-Ub in FUNDC1-knockdown HeLa cells. Compared to wild-type FUNDC1, the ubiquitylation level was strongly decreased in the K119R mutant (Fig 4B) , suggesting that K119 of FUNDC1 is the potential ubiquitylation site. To confirm this finding, we performed in vitro ubiquitylation assays and showed that purified GST-FUNDC1-K119R was hardly ubiquitylated by MARCH5-myc isolated from HeLa cell lysates ( Fig 4C) .
We next investigated whether K119 ubiquitylation is responsible for FUNDC1 stability. We constructed deletion mutants of FUNDC1 ◀ Figure 2 . MARCH5 is responsible for FUNDC1 ubiquitylation.
A HeLa cells expressing HA-Ub were transfected with MARCH5-myc, Parkin-myc, or the empty myc-vector and then treated with FCCP (10 lM) for 3 h. Ubiquitylation assays were performed as described in Materials and Methods. The ubiquitylation level of FUNDC1 was detected using an anti-HA antibody. B MARCH5-knockdown cells were transfected with MARCH5-Res-myc, MARCH5-Res-CS-myc, or the empty myc-vector together with HA-Ub for 24 h. Ubiquitylation assays were performed as described in Materials and Methods. The ubiquitylation level of FUNDC1 was detected using an anti-HA antibody. The levels of FUNDC1 and MARCH5 proteins were detected by Western blotting using anti-FUNDC1 and anti-MARCH5 antibodies, respectively. Black arrows indicate endogenous and exogenous MARCH5. C In vitro ubiquitylation assays were performed as described in Materials and Methods. The ubiquitylated form of FUNDC1 was detected by immunoblotting using an anti-ubiquitin antibody. D HeLa cells were treated with CHX (10 lM) for the indicated time, with or without MG132, and then subjected to Western blotting analysis of FUNDC1 and MiD49. E Quantification of FUNDC1 protein level in (D) (mean AE SEM from three independent experiments, Student's t-test, *P < 0.05, **P < 0.01). F HeLa cells were transfected with MARCH5-myc, MARCH5-CS-myc, or the empty myc-vector for 24 h. CHX (10 lM) was added for the indicated time, and the cell lysates were subjected to Western blotting analysis of FUNDC1 and MiD49. G Quantification of FUNDC1 protein levels in (F) (mean AE SEM from three independent experiments, Student's t-test, *P < 0.05, **P < 0.01). H MARCH5-knockdown cells were transfected with MARCH5-Rescue-myc or the empty myc-vector for 24 h. CHX (10 lM) was added for the indicated time, and the cell lysates were subjected to Western blotting analysis of FUNDC1, MiD49, and MARCH5. Black arrows indicate endogenous and exogenous MARCH5. I Quantification of FUNDC1 protein levels in (H) (mean AE SEM from three independent experiments, Student's t-test, *P < 0.05, **P < 0.01).
Source data are available online for this figure. A MARCH5-myc was transfected into HeLa cells for 24 h, and then immunoprecipitation assays were performed with an anti-FUNDC1 antibody. Coimmunoprecipitated endogenous FUNDC1 and MARCH5-myc proteins were detected by Western blotting with anti-FUNDC1 and anti-myc antibodies, respectively. B Immunoprecipitation was performed with an anti-FUNDC1 antibody. Co-immunoprecipitated endogenous MARCH5 was detected by Western blotting with an anti-MARCH5 antibody. The black arrow indicates endogenous MARCH5. C Purified GST and GST-tagged MARCH5 proteins were used for GST affinity isolation of endogenous FUNDC1, and blotted with an anti-FUNDC1 antibody. The black arrow indicates the purified GST-MARCH5. D Truncated forms of MARCH5-myc were constructed based on its functional domains. HeLa cells were co-transfected with full-length or truncated forms of MARCH5-myc, and immunoprecipitation was performed with an anti-FUNDC1 antibody. Co-immunoprecipitated MARCH5 and FUNDC1 were detected by Western blotting with anti-myc and anti-FUNDC1 antibodies, respectively. The red area of the schematic diagram (bottom) indicates the domain of MARCH5 that interacts with FUNDC1. E Truncated forms of FUNDC1-myc were constructed based on its functional domains. GFP-MARCH5 was co-transfected with full-length or truncated forms of FUNDC1-myc, and immunoprecipitation was performed with an anti-GFP antibody. Co-immunoprecipitated MARCH5 and FUNDC1 were detected by Western blotting with anti-GFP and anti-myc antibodies, respectively. The red area of the schematic diagram (bottom) indicates the domain of FUNDC1 that interacts with MARCH5.
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(FUNDC1-ΔLIR-myc) and FUNDC1-K119R (K119R-ΔLIR-myc) which lack the LIR motif and therefore cannot be degraded by mitophagy [47] . Mutation of K119 to R strongly inhibited FUNDC1 degradation in CHX chase assays ( Fig 4D and Appendix Fig S2A) or in response to hypoxic treatment ( Fig 4E and Appendix Fig S2B) . Degradation of the FUNDC1 K119R-ΔLIR-myc mutant, but not FUNDC1-ΔLIR-myc, was blocked by co-expression of MARCH5-flag (Fig 4F) . Collectively, our data demonstrated that K119 ubiquitylation of FUNDC1 is responsible for its MARCH5-mediated degradation. We wished to understand whether degradation of FUNDC1 triggered by ubiquitylation at K119 has a functional consequence on mitophagy. We expressed wild-type FUNDC1 and the FUNDC1-K119R mutant in FUNDC1-knockdown HeLa cells stably expressing GFP-LC3 and observed the formation GFP-LC3 puncta, which are indicators of mitophagosomes. We found that the FUNDC1-K119R mutant induced more GFP-LC3 puncta that co-localized with mitochondria (marked by Tom20 antibody) (Fig 4G and Appendix  Fig S3A) . Western blotting analyses further confirmed that ectopic expression of FUNDC1-K119R induced a greater reduction in the mitochondrial proteins Tim23 and Tom20 than wild-type FUNDC1 (Fig 4H and Appendix Fig S3B) . Consistent with the previous report, deletion of the LIR prevented mitophagosome formation and mitochondrial marker protein degradation [47] .
The MARCH5/FUNDC1 axis fine-tunes hypoxia-induced mitophagy
We next addressed the biological significance of the MARCH5/ FUNDC1 axis in hypoxia-induced mitophagy. Knockdown of MARCH5 induced a significant increase in the co-localization between GFP-LC3 puncta and mitochondria compared to the scramble control (Fig 5A and B) . Re-introduction of shRNA-resistant MARCH5-myc, but not MARCH5-CS-myc or MARCH5-Δcyto2-myc (which does not interact with FUNDC1), in MARCH5-knockdown cells was able to reduce mitophagosome formation (Fig 5A and B) . Consistent with this, Western blotting results showed that knockdown of MARCH5 prevented FUNDC1 degradation and induced a marked reduction in mitochondrial proteins (Tim23 and Tom20) in response to hypoxia, and these changes were rescued by re-introduction of shRNA-resistant MARCH5, but not the E3 ligase-dead mutant MARCH5-CS (Fig 5C) . To demonstrate the indispensability of FUNDC1 for MARCH5-regulated mitophagy, we knocked down FUNDC1 in MARCH5 RNAi cells. Compared with the effect in MARCH5 RNAi cells, the hypoxia-induced mitophagy process was completely blocked in FUNDC1 and MARCH5 double-knockdown cells (Fig 5D) . The co-localization between GFP-LC3 puncta and mitochondria was significantly reduced (Fig 5E and F) . These results demonstrated that MARCH5 fine-tunes hypoxia-induced ◀ Figure 4 . MARCH5 promotes FUNDC1 degradation by ubiquitylation at lysine 119.
A Schematic representation of the FUNDC1 protein in the mitochondrial outer membrane showing the LIR domain and 11 lysine residues. B FUNDC1-knockdown cells were transfected with myc-tagged wild-type FUNDC1 or the different lysine-to-arginine mutants together with HA-Ub. Ubiquitylation assays were performed as described in Materials and Methods, and ubiquitylated FUNDC1 was detected using an anti-HA antibody. C In vitro ubiquitylation assays were performed as described in Materials and Methods, and the ubiquitylated form of FUNDC1 was detected by immunoblotting using an anti-ubiquitin antibody. D FUNDC1-knockdown cells expressing FUNDC1-ΔLIR-myc or K119R-ΔLIR-myc were treated with 10 lM CHX for the indicated time, and then FUNDC1-myc protein levels were detected by Western blotting. E FUNDC1-knockdown cells expressing FUNDC1-ΔLIR-myc or K119R-ΔLIR-myc were exposed to 1% O 2 for the indicated time, and then FUNDC1-myc protein levels were detected by Western blotting. F FUNDC1-knockdown cells expressing FUNDC1-ΔLIR-myc or K119R-ΔLIR-myc were transfected with MARCH5-flag for 24 h. FUNDC1-myc and MARCH5-flag proteins were detected by Western blotting. G FUNDC1-knockdown cells expressing GFP-LC3 were co-transfected with FUNDC1-myc or K119R-myc (red, anti-myc) for 24 h. The K119R mutant of FUNDC1 increased the co-localization between GFP-LC3 dots and mitochondria (blue, anti-Tom20) when compared with wild-type FUNDC1. Scale bar, 5 lm. H FUNDC1-knockdown HeLa cells were transfected with plasmids encoding FUNDC1-myc or the indicated mutants for 24 h. Tim23, Tom20, LC3, and FUNDC1-myc proteins were detected by Western blotting.
Source data are available online for this figure.
▸ Figure 5 . MARCH5 ubiquitylates FUNDC1 to fine-tune hypoxia-induced mitophagy.
A HeLa cells stably expressing MARCH5 shRNA were co-transfected with GFP-LC3 and MARCH5-Rescue-myc, the E3 activity-dead mutant (MARCH5-Res-CS-myc), or the interaction domain mutant (MARCH5-Res-Δcyto2-myc) at a ratio of 5:1 for 24 h, and were then exposed to 1% O 2 for 12 h. The expression of MARCH5-myc (blue, anti-myc) and the co-localization of GFP-LC3 dots with mitochondria (red, anti-Tom20) were detected. Scale bar, 5 lm. White arrows indicate mitochondria colocalized with GFP-LC3. B Quantification of the number of GFP-LC3 puncta co-localized with mitochondria per cell in (A) (mean AE SEM from three independent experiments, Student's t-test, **P < 0.01). C HeLa cells stably expressing MARCH5 shRNA were transfected with MARCH5-Rescue-myc or E3 activity-dead mutant for 24 h, and then exposed to 1% O 2 for the indicated time. FUNDC1, Tim23, Tom20, and MARCH5 protein levels were detected by Western blotting. D HeLa cells stably expressing MARCH5 shRNA were transfected with FUNDC1 shRNA or FUNDC1 scramble plasmids for 24 h, and then exposed to 1% O 2 for the indicated time. FUNDC1, Tim23, Tom20, and MARCH5 protein levels were detected by Western blotting analysis. E HeLa cells stably expressing MARCH5 shRNA were co-transfected with GFP-LC3 and FUNDC1 shRNA or FUNDC1 scramble plasmids at a ratio of 5:1 for 24 h, and then exposed to 1% O 2 for another 24 h. Co-localization between GFP-LC3 dots and mitochondria (red, anti-Tom20) was detected (white arrows). Scale bar, 5 lm. F Quantification of the number of GFP-LC3 puncta co-localized with mitochondria per cell in (E) (mean AE SEM from three independent experiments, Student's t-test, **P < 0.01).
Source data are available online for this figure. 
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Hypoxic stress reduces MARCH5 homo-oligomerization and enhances its interaction with FUNDC1
We next addressed how MARCH5 senses the hypoxic signal to promote FUNDC1 degradation and fine-tune mitophagy. We observed that hypoxia progressively enhanced the interaction between MARCH5 and FUNDC1 (Fig 6A) , whereas the self-interaction of MARCH5 was significantly decreased (Fig 6B and C) . MARCH5 is able to form dimers or oligomers, which mediate degradation of dysfunctional mutant MARCH5 proteins to maintain mitochondrial quality [53] . Indeed, cross-linking analysis showed that MARCH5 homo-oligomers were reduced under hypoxic conditions (Fig EV2) . A previous study showed that the MARCH5 G103/107L mutant (GL) fails to form oligomers [53] . We thus constructed the MARCH5 GL mutant and co-transfected it with wild-type MARCH5. We observed that the GL mutant markedly reduced MARCH5 oligomerization while increasing the interaction with endogenous FUNDC1 in the presence of hypoxia (Fig 6D and E) . Importantly, the MARCH5 GL mutant promoted more degradation of FUNDC1 than wild-type MARCH5 (Fig 6E) , indicating that the interaction between FUNDC1 and MARCH5 is important for FUNDC1 degradation. We believe that the oligomeric switch of MARCH5 is important for degradation of FUNDC1; however, exact nature of this complex (oligomeric) and its interaction needs to be explored further. Taken together, our data demonstrated that hypoxic stress triggers disassembly of MARCH5 homo-oligomers and simultaneously facilitates its interaction with FUNDC1 in response to initial mitochondrial insults before the execution of mitophagy.
Discussion
Both ubiquitin-and receptor-dependent mitophagy pathways have been described, and it has been speculated that there is cross-talk between these two pathways. We demonstrated that FUNDC1 is a new substrate of the mitochondrial E3 ligase MARCH5 and that MARCH5-mediated ubiquitylation and degradation of FUNDC1 is one of the early events in response to hypoxia. We show that MARCH5 mediates ubiquitylation of FUNDC1 at K119 to promote its proteasome-dependent degradation under hypoxic stress. Our results suggest a new regulatory mechanism of FUNDC1-mediated mitophagy, which is distinct from the Parkin-mediated pathway. Indeed, hypoxia does not induce translocation of Parkin to mitochondria (Fig 1H) We reveal a MARCH5/FUNDC1 axis as a novel mechanism by which cells can sense hypoxic stress and activate mitophagy. It is paradoxical that, in response to hypoxia, MARCH5 promotes the degradation of FUNDC1, thereby reducing mitophagic activity (Fig 5) . Unlike Parkin-regulated mitophagy that ubiquitylates a large amount of mitochondrial outer membrane proteins and then recruits autophagy adaptor p62 and isolation membrane, MARCH5 finetunes mitophagy by specifically ubiquitylating and degrading receptor protein FUNDC1 in response to hypoxic stress. Regulation of the MARCH5/FUNDC1 axis desensitizes mitochondrial degradation and avoids improper clearness of undamaged mitochondria. Our findings uncover the distinct roles of E3 ligases in different mitophagy pathways. This axis may serve as a negative feedback mechanism to protect mitochondria from removal by mitophagy. Such a mechanism gives the cell extra time to "make a critical decision" about the fate of mitochondria, which is a matter of life and death for the cell. We have previously shown that reversible phosphorylation of FUNDC1, in particular at Tyr18, serves as a master switch for the activation of mitophagy [47] . Initially, hypoxic stress leads to disassembly of MARCH5 homo-oligomers and increases the interaction between MARCH5 and FUNDC1. Ubiquitylation and degradation of ▸ Figure 6 . Hypoxic stress triggers disassembly of MARCH5 homo-oligomers and enhances the interaction of MARCH5 with FUNDC1.
A HeLa cells were transfected with MARCH5-myc for 24 h, and then exposed to 1% O 2 for the indicated time. Immunoprecipitation was performed with an anti-FUNDC1 antibody. Co-immunoprecipitated MARCH5 and FUNDC1 were detected by Western blotting with anti-myc and anti-FUNDC1 antibodies, respectively. B HeLa cells were co-transfected with MARCH5-myc and MARCH5-flag for 24 h, and then exposed to 1% O 2 for the indicated time. Immunoprecipitation was performed with an anti-flag antibody. Co-immunoprecipitated MARCH5-myc and MARCH5-flag were detected by Western blotting with anti-myc and anti-flag antibodies, respectively. C HeLa cells were transfected with MARCH5-GFP and MARCH5-flag together with FUNDC1-myc for 24 h, and then exposed to 1% O 2 for the indicated time.
Immunoprecipitation was performed with an anti-GFP antibody. Co-immunoprecipitated MARCH5-GFP, MARCH5-flag, and FUNDC1 were detected by Western blotting with anti-GFP, anti-flag, and anti-FUNDC1 antibodies, respectively. D HeLa cells expressing MARCH5-flag were transfected with MARCH5-myc or the MARCH5-G103/107L-myc mutant (MARCH5-GL-myc) for 24 h, and immunoprecipitation was performed with an anti-flag antibody. Co-immunoprecipitated MARCH5-myc and MARCH5-flag were detected by Western blotting with anti-myc and anti-flag antibodies, respectively. E HeLa cells were transfected with MARCH5-myc or the MARCH5-GL-myc mutant for 24 h, and then exposed to 1% O 2 for the indicated time. Immunoprecipitation was performed with an anti-FUNDC1 antibody. Co-immunoprecipitated MARCH5-myc and FUNDC1 were detected through Western blotting with anti-myc and anti-FUNDC1 antibodies, respectively. F A hypothetical model of the MARCH5/FUNDC1 axis in response to hypoxic stress. In the "decision-making" phase, the initial hypoxic stress induces disassembly of MARCH5 and increases the interaction between MARCH5 and FUNDC1, which leads to FUNDC1 ubiquitylation and degradation. FUNDC1 degradation limits the extent of mitophagic degradation of mitochondria. During the "mitophagy execution" phase, prolonged hypoxic stress decreases the interaction between Src kinase and FUNDC1, which leads to FUNDC1 dephosphorylation. Dephosphorylated FUNDC1 interacts with LC3, thus recruiting LC3-bound isolation membranes to damaged mitochondria, and eventually leading to mitophagy.
Source data are available online for this figure. Ziheng Chen et al MARCH5 degrades FUNDC1 to regulate mitophagy EMBO reports FUNDC1 desensitizes mitochondria to avoid unnecessary removal of mitochondria via mitophagy. However, prolonged and/or severe hypoxic stress leads to dephosphorylation of FUNDC1 which significantly enhances its interaction with LC3, thus activating mitophagy to remove damaged or unwanted mitochondria (Fig 6F) . Src kinase directly phosphorylates FUNDC1 at Tyr18 to avoid premature activation of FUNDC1 dephosphorylation and mitophagy [47] . Mitophagic stresses are able to decrease the interaction between Src and FUNDC1 [28] . We expressed Src-GFP in HeLa cells and carried out co-immunoprecipitation assays in cells exposed to hypoxia for different times and found that the interaction between FUNDC1 and Src-GFP was reduced for up to 12 h (Fig EV3A) , whereas FUNDC1 degradation occurred as early as 3 h (Fig 1A and D) . These results are consistent with the suggestion that ubiquitin-mediated FUNDC1 degradation occurs prior to its activation by dephosphorylation. Moreover, the phosphorylation status of FUNDC1 does not affect its degradation by MARCH5 (Fig EV3B) . Our model contrasts with acute mitochondrial stress, which may activate PINK1/Parkin for quick removal of damaged mitochondria. Also, the MARCH5/ FUNDC1 axis has a unique role in fine-tuning hypoxia-induced mitophagy, as MARCH5 failed to regulate the level of Nix/BNIP3L (Fig EV4) . It remains to be determined how the MARCH5/FUNDC1 axis is activated by hypoxia. Previous research suggested that hypoxic stress induces changes in the status of the redox system and subsequent ROS generation [56] . We observed that mito-TEMPO, a specific mito-ROS scavenging agent, blocked the interaction between wild-type/mutant MARCH5 and FUNDC1 while also inhibiting FUNDC1 degradation (Fig EV5) . These observations led us to suggest that hypoxia-induced ROS generation serves as the initial signal to activate MARCH5/FUNDC1 to fine-tune the graded response to hypoxic stress. Our findings thus identify MARCH5/ FUNDC1 as a critical module for sensing oxidative stress signals and for subsequently adjusting mitochondrial behaviors in response to complex environmental cues.
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Previous studies have shown that MARCH5 is a key regulator of mitochondrial dynamics, as it is able to ubiquitylate Fis1, Mfn1, Mfn2, and MiD49. In particular, MARCH5 RNAi increases MiD49 expression, thereby enhancing Drp1 recruitment, which triggers mitochondrial fission [51] . We recently reported that FUNDC1 is also involved in regulation of mitochondrial dynamics by coordinating the interaction with OPA1 and Drp1 [57] . We also observed that the level of mitochondrial fragmentation under hypoxic conditions was higher in MARCH5 siRNA HeLa cells than in MARCH5-scramble cells (Z. Chen, unpublished data). These results indicate that intimate connections exist between the mitochondrial fission/fusion cycle and mitophagy, and these processes are coordinated at the protein level by MARCH5.
Materials and Methods
Cell culture and transfection
HeLa cells were cultured in DMEM supplemented with 10% fetal bovine serum (Hyclone) and 1% penicillin-streptomycin and maintained in 5% CO 2 at 37°C. For hypoxia treatment, cells were transferred to a special hypoxia chamber (Billups-Rothenberg) with a pre-analyzed gas mixture containing 1% O 2 , 5% CO 2 , and 95% N 2 . For transfection, plasmids were transfected into cells with MegaTran 1.0 (OriGene) according to the manufacturer's instructions.
Expression constructs
The expression plasmids for human MARCH5, FUNDC1, Mulan, Parkin, RNF185, Keap1, and Smurf1 were generated by amplifying the corresponding cDNA by PCR and cloning it into pcDNA4-TOmyc-his-B, pFLAG-CMV4, or pEGFP-C1 expression vectors. The recombinant GST fusion proteins GST-MARCH5 and GST-FUNDC1 were generated by cloning the corresponding cDNA into the pGEX-4T-1 vector. The site-specific mutants and deletion mutants were generated according to the manufacturer's (Stratagene, 200521) instructions.
RNA interference assay
We are grateful to Mian Wu (University of Science and Technology of China, Anhui, China) for the MARCH5 shRNA. The targeted sequence in MARCH5 for RNA interference (5 0 -GCCAATCCTTTAG CAGATCA-3 0 ) was cloned into the pLKO.1-puro vector; the target FUNDC1 sequence for RNA interference (5 0 -GCAGCACCTGAAAT CAACA-3 0 ) was cloned into the pSilencer2.1-neo vector. HeLa cells were transfected with the corresponding vectors and selected with puromycin or neomycin to establish stable knockdown cell lines.
SDS-PAGE and Western blotting
Cells were harvested and lysed in lysis buffer (137 mM NaCl, 20 mM Tris, pH 7.4, 2 mM EDTA, 1% NP-40, 10% glycerol, 2.5 mM sodium pyrophosphate, 1 mM Na 3 VO 4 , and protease inhibitors). Equivalent protein quantities were subjected to SDS-PAGE and transferred to nitrocellulose membranes. The membranes were blocked in 5% non-fat milk or 5% BSA for 1 h at room temperature, and then probed with the indicated primary antibodies, followed by the appropriate HRP-conjugated anti-mouse/rabbit secondary antibodies (KPL). Immunoreactive bands were visualized with a chemiluminescence kit (Pierce). The following antibodies were used: antibodies against Tim23 (1:2,000, BD Biosciences), Tom20 (1:1,000, BD Biosciences), HA (1:1,000, Sigma), actin (1:10,000, Sigma), myc (1:2,000 Sigma), ubiquitin (1:1,000, Cell Signaling), MiD49 (1:500, Sigma), flag (1:2,000 Sigma), GFP (1:1,000, Invitrogen), GST (1:2,000, Santa Cruz), and LC3 (1:1,000 Sigma). Polyclonal antibodies against FUNDC1 (1:1,000) and p-FUNDC1 (Tyr18) (1:1,000) were generated by immunizing rabbits with purified FUNDC1 peptides or phosphopeptides, and then affinity-purified (Abgent). The antibody against MARCH5 was produced by immunizing mice with the purified 1-72aa truncation of MARCH5. The ImageJ program was used for densitometric analyses of Western blots, and the quantification results were normalized to the loading control.
Immunoprecipitation
Cells were collected and lysed with 0.6 ml of lysis buffer plus protease inhibitors (Roche Applied Science) for 40 min on ice. After centrifugation at 12,000 g for 15 min, the lysates were immunoprecipitated with 1 lg specific antibody overnight at 4°C, and 30 ll
The Authors protein A agarose beads (Invitrogen) or protein G agarose beads (Santa Cruz) were washed and then added for an additional 3 h. Thereafter, the precipitants were washed four times with lysis buffer, and the immune complexes were boiled with loading buffer for 3 min and analyzed by SDS-PAGE and Western blotting.
GST pulldown
All GST-tagged proteins were expressed in Escherichia coli Rosetta (DE3). GST fusion proteins were purified on glutathione-Sepharose 4 Fast Flow beads (GE Health Science). For GST pulldown, 4 lg of GST-MARCH5 protein was incubated with cell lysates for 2 h at 4°C and then washed five times with 1 ml PBS buffer. The precipitate complex was boiled with loading buffer for 3 min at 95°C and subjected to SDS-PAGE and Western blotting. The nitrocellulose membrane was stained with Ponceau S and then incubated with anti-FUNDC1 antibody.
Immunofluorescence microscopy
HeLa cells were transfected with the indicated plasmids or subjected to hypoxia, and then fixed with 3.7% formaldehyde in DMEM for 15 min at 37°C. The fixed cells were permeabilized with 0.2% Triton X-100 (Sigma) for 15 min on ice, blocked and incubated with the indicated primary antibodies at room temperature for 1 h, then incubated with fluorescence-conjugated secondary antibodies at room temperature for 40 min. Cell images were captured with an LSM 510 Zeiss confocal microscope (Carl Zeiss Jena, Germany). The following fluorescent primary antibodies were used: antibodies against cytochrome c (1:200, BD Biosciences), Tom20 (1:100, BD Biosciences), and myc (1:200, Sigma). The following fluorescent secondary antibodies were used: goat anti-mouse IgG FITC (1:300, Invitrogen), goat anti-mouse IgG Cy3 (1:300, Invitrogen), goat antimouse Cy5 (1:300, Invitrogen), goat anti-rabbit IgG Cy3 (1:300, Invitrogen), and goat anti-rabbit Cy5 (1:300, Invitrogen).
In vivo ubiquitylation assay
Cells were transiently transfected with plasmids expressing HA-Ub for 24 h, with or without myc-tag vectors. Cells were exposed to hypoxia or treated with FCCP, together with MG132 (Sigma) before collection. Cells were washed with PBS and then lysed in 200 ll denaturing buffer (150 mM Tris-HCl, pH 7.4, 1% SDS) by boiling for 10 min. The lysates were made up to 1 ml with lysis buffer and immunoprecipitated using 1 lg anti-FUNDC1 antibody, then subjected to Western blotting with anti-HA or anti-FUNDC1 to detect FUNDC1 ubiquitylation.
In vitro ubiquitylation assay
In vitro ubiquitylation assays were carried out in ubiquitylation buffer (50 mM Tris, pH 7.4, 5 mM MgCl 2 , 2 mM dithiothreitol) with human recombinant E1 (100 ng, Abcam), human recombinant E2 UbcH5c (200 ng, Upstate), and ubiquitin (10 lg, Boston Biochem). MARCH5 or MARCH5 mutants were immunopurified from cell lysates of cells expressing MARCH5-myc or its mutants; 2 lg GST-FUNDC1 and GST-FUNDC1 lysine mutants were expressed and purified from E. coli Rosetta (DE3). Ubiquitylation reaction mixtures (30 ll volume) were incubated for 2 h at 30°C and then boiled with loading buffer for 5 min and analyzed by Western blotting using anti-ubiquitin and anti-myc antibodies.
Cycloheximide chase assay
The stability of endogenous FUNDC1 was determined by CHX chase assays. Scramble or MARCH5-knockdown HeLa cells were seeded in six-well plates (Nest), or cells were transiently transfected with MARCH5-myc, MARCH5-CS-myc mutant, or MARCH5-Rescuemyc-vector for 24 h. Cells were treated with CHX (100 lg/ml) for the indicated time and then collected and lysed by Western blotting.
Statistical analysis
All data were obtained from at least three independent experiments and expressed as means AE SEM. Statistical analyses were performed using the Student's two-tailed t-test, with P-values < 0.05 considered significant. *P < 0.05, **P < 0.01, and ***P < 0.001 versus the corresponding controls were indicated. All statistical calculations were performed with GraphPad Prism software.
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